One sentence summary: Freshwater copepods, such as Eudiaptomus sp., host unique microenvironments in the water column of lakes and thereby enable diverse anaerobic nitrate conversion pathways mediated by bacterial reductases.
INTRODUCTION
Mesozooplankton can be abundant in aquatic ecosystems including lakes and reservoirs, often amounting to several specimens per liter (Dubovskaya et al. 2003; Bickel, Tang and Grossart 2009; Tang et al. 2014; Tian et al. 2016) . The dominant taxonomic groups of lake zooplankton are crustacean copepods and cladocerans (Bickel, Tang and Grossart 2009) . Both the exoskeleton and the gut of live zooplankters are densely colonized with prokaryotes (Tang, Turk and Grossart 2010) . Zooplankters are therefore perceived as pelagic 'microbial hot spots' that host prokaryotic communities that differ in composition from the free-living communities in the surrounding water (Moisander, Sexton and Daley 2015; Shoemaker and Moisander 2015) . Due to high microbial activity and O 2 diffusion limitation, anoxic conditions can develop in the gut of live zooplankton, especially after food uptake (Tang et al. 2011) . Accordingly, microbial N 2 -fixation, a process that requires the absence of O 2 , has been shown to be directly associated with live zooplankton (Zehr, Mellon and Zani 1998; Scavotto et al. 2015) .
In lakes and other aquatic exosystems, up to 40% of the zooplankton community is found to be dead (Bickel, Tang and Grossart 2009; Elliott and Tang 2009; Tang et al. 2014) . These zooplankton carcasses are rapidly colonized and degraded by bacteria (Tang, Hutalle and Grossart 2006; Bickel and Tang 2010) because the zooplankton cell tissue is particularly rich in proteins and hence in labile organic carbon and nitrogen . The intense microbial activities driving these degradation processes facilitate the development of hypoxic to anoxic conditions and the occurrence of anaerobic microbial processes inside zooplankton carcasses. Indeed, anoxic conditions develop in carcasses of large marine copepods (Glud et al. 2015) and anaerobic microbial nitrogen cycle (N-cycle) pathways, such as denitrification, were detected in the carcasses of marine copepods and ostracods (Glud et al. 2015; Stief et al. 2017) .
Anaerobic N-cycling in pelagic microbial hot spots has previously been observed in sinking algae aggregates, especially when exposed to low-oxygen conditions (Klawonn et al. 2015; Ploug and Bergkvist 2015; Kamp et al. 2016; Stief et al. 2016) . Anaerobic N-cycling comprises different pathways of dissimilatory nitrate reduction: In dissimilatory nitrate reduction to nitrite (DNRN) and dissimilatory nitrate reduction to ammonium (DNRA), fixed nitrogen is retained as dissolved inorganic nitrogen (DIN). Alternatively, fixed nitrogen is removed as N 2 gas via denitrification or anammox (Thamdrup 2012) . Denitrification, DNRN and DNRA are quantitatively important anaerobic N-cycling pathways in sinking diatom aggregates Stief et al. 2016; Lundgaard et al. 2017) . In contrast, anammox activity has so far not been detected, probably owing to the short-lived nature of sinking aggregates and the low growth rates of anammox bacteria. Denitrification activity has only recently been documented in carcasses of the large marine copepod Calanus finmarchicus (Glud et al. 2015) . In the same study, the marker gene for denitrification nirS, encoding the cytochrome cd 1 nitrite reductase, was expressed in all carcasses, but only sporadically in living specimens. This indicates a higher potential for anaerobic N-cycling upon death of zooplankton when O 2 concentrations are reduced by high microbial respiration rates. In small marine zooplankton from an oxygen-depleted coastal basin, DNRA and denitrification were the most active pathways of anaerobic N-cycling, whereas anammox was the dominant pathway in the ambient anoxic seawater . This finding underlines that N-cycling associated with sinking carcasses can significantly differ from N-cycling in the surrounding water, probably owing to distinctive microbial communities that colonize and develop on zooplankton carcasses.
Pelagic hypoxia or even anoxia often occurs in freshwater lakes and reservoirs (Sand-Jensen and Lindegaard 2004) . Highly eutrophic shallow lakes display diurnal variations of the ambient O 2 level, with high and low O 2 concentrations prevailing during day and night time, respectively (Sand-Jensen and Lindegaard 2004; Xu and Xu 2015) . Deeper lakes are often temperature stratified during the summer, which in eutrophic and dystrophic lakes may lead to the development of hypoxic or anoxic conditions in the hypolimnion throughout the season (Gorham and Boyce 1989; Sand-Jensen and Lindegaard 2004) . Sinking zooplankton carcasses may thus experience pronounced changes in ambient O 2 levels during their descent from the often oxygensupersaturated epilimnion to the increasingly oxygen-depleted hypolimnion. Additionally, lake stratification leads to accumulation of copepod carcasses and other particles at the thermocline (Dubovskaya et al. 2003; Tang et al. 2014) , a region often depleted in O 2 . Therefore, sinking carcasses may remain in the hypoxic or anoxic water column for several days (Kirillin, Grossart and Tang 2012) and support intense organic matter degradation (Bickel and Tang 2010) and anaerobic N-cycling.
Here, we investigate the anaerobic N-cycling associated with sinking carcasses of the small copepods Eudiaptomus gracilis and E. graciloides and the large copepod Megacyclops gigas collected from two lakes in NE Germany contrasting in their trophy and hence their vertical O 2 distribution. The carcasses were incubated at ambient O 2 levels ranging from 0% to 100% air saturation to which carcasses are exposed when they sink through the water column of stratified lakes with an anoxic hypolimnion. Our first hypothesis was that zooplankton carcasses host anoxic microenvironments that allow anaerobic Ncycling even in an oxygenated macroenvironment. Our second hypothesis was that the rates of carcass-associated anaerobic N-cycling increase when ambient O 2 levels decrease. Carcassassociated anaerobic N-cycling was qualitatively and quantitatively analyzed in 15 N-stable-isotope incubations and by molecular analysis of the nitrite reductase genes involved in denitrification (nirS) and DNRA (nrfA). The distinctiveness of carcassassociated bacterial communities was assessed by 16S rDNAbased community fingerprinting of both bacteria on the carcasses and in the ambient water.
MATERIALS AND METHODS

Study site and organisms
Lake Dagow (53 • 09'01'N, 13
• 03'60'E) and Lake Stechlin (53 • 09'03'N, 13
• 01'40'E) are located in NE Germany and are connected via a small outflow. Lake Dagow is a shallow (9 m), eutrophic lake that experiences seasonal hypoxia, with the bottom water falling anoxic below a depth of 6 m every year. Lake Stechlin is a deep (69.5 m), oligotrophic lake with no anoxia or hypoxia even at 50 m depth. Three different species of zooplankton that were abundant in any of these two lakes at the time of this study (September 2015) were investigated in laboratory experiments: The small (prosome length 0.5-0.8 mm), omnivorous copepods Eudiaptomus gracilis and E. graciloides from Lake Dagow (Brandl 2005; Šorf and Brandl 2012) and the large (prosome length 2.5-3.0 mm), carnivorous copepod Megacyclops gigas from Lake Stechlin (Brandl 2005 ).
Sample collection
Eudiaptomus sp. were collected in Lake Dagow just below the water surface by horizontal net tows with a plankton net of 250 μm mesh size and 0.5 m mouth size and carefully transferred to 1-L glass bottles. The net was rinsed between each tow to remove zooplankton carcasses. Surface lake water was collected in 5-L canisters and filtered through 5-μm polycarbonate membranes. Megacyclops gigas was collected in Lake Stechlin at 10-15 m water depth by deploying sediment traps and leaving them in the water for 3 days. Living M. gigas were abundant in the traps, presumably taking advantage of accumulated food. Megacyclops gigas was kept in darkness at 20
• C in 90-μm filtered, oxygenated surface water from Lake Stechlin. For feeding, mixed zooplankton from Lake Stechlin was added to the storage tank containing M. gigas.
Preparation of copepod carcasses
When returning to the laboratory, Eudiaptomus gracilis and E. graciloides were isolated from the Lake Dagow zooplankton samples, carefully excluding the bottom layer in the collection bottle to avoid transferring already dead specimens. The pooled Eudiaptomus sp. were then exposed to 10% acetic acid for a few seconds followed by several immersions in sterile-filtered Lake Dagow water to get rid of residual acid. The Eudiaptomus sp. carcasses were then transferred to beakers with Lake Dagow water collected on the same day. The beakers were put on a shaker table set at slow speed and left in darkness at 20
to allow for colonization by the free-living microbial community in the lake water. Megacyclops gigas specimens were killed and preincubated on the day before the incubation experiments by the same procedure. The bottles were closed and sealed with gas-tight rubber stoppers without entrapping gas bubbles and then incubated on a plankton wheel in darkness at 20
Experimental schedule
• C. After 0, 1.5, 3, 4.5 and 6 h, the O 2 concentration was measured and a water sample (3 mL) was taken from each bottle through the rubber stopper. At each sampling time point, the water withdrawn from the bottle was replaced with 15 NO 3 − -enriched lake water that had been adjusted to an O 2 concentration that roughly would compensate for the drop in O 2 concentration since the last sampling time point . The 3-mL water sample was split into two samples: (i) 1.5 mL was transferred to a 3-mL He-flushed, half-evacuated exetainer (Labco, Wycombe, UK) containing 50
μL ZnCl 2 (50% w/v) that was stored at room temperature for later 15 N-analyses and (ii) 1.5 mL was transferred to a 2-mL sample tube that was stored at -20
• C for later DIN analysis.
Nitrogen analyses
Samples for DIN analysis (NO 3 − , NO 2 − and NH 4 + ) were filtered through 0.22-μm membranes prior to analysis. Nitrate plus nitrite concentrations were measured on an NO x analyzer (42 C, Thermo Fisher Scientific) with the VCl 3 reduction assay (Braman and Hendrix 1989) . Nitrite was quantified via the Griess reaction using a spectrophotometer (Multiskan GO Microplate Spectrophotometer, Thermo Fisher Scientific) after Garcia-Robledo, Corzo and Papaspyrou (2014) . Ammonium was analyzed after Holmes et al. (1999) 
Rate calculations and statistics
Oxygen consumption and N-turnover rates were calculated from linear regressions of the concentration time series, accounting for any dilution during the sampling process. Production rates of total NH 4 + from DNRA, total NO 2 − from DNRN and total N 2 from denitrification were calculated from production rates of 15 NH 4 + , 15 NO 2 − and 15 N 2 , respectively, and the initial 15 NO 3 − -labeling fraction in the lake water (i.e. 0.79) to account for the 14 NO 3 − present in the water. Since the N-turnover rates measured in carcass incubations included any activity from the free-living microbial community in the 5-μm-filtered lake water, the N-turnover rates measured in the respective control incubations without carcasses were subtracted to approximate the carcass-associated N-turnover rates. In incubations in which n.a. * Ambient air saturation (AS) levels of O2 are given as means ± SD (n = 3-5). * * Anoxic conditions were reached in some of the replicate incubation bottles. n.a. = not applicable. unintended anoxic events occurred (i.e. M1b low and M2 low ), the N-turnover rates were additionally calculated for the hypoxic and anoxic phase separately.
The slope of the regression lines and the mean slopes were analyzed with t-tests to identify rates that were significantly different from zero. The effect of the ambient O 2 level on the turnover rates of O 2 , NO 3 − , NO 2 − , NH 4 + , and process rates of DNRN, DNRA, and denitrification in Eudiaptomus sp. or M. gigas incubations was tested with ANOVA (one-way), followed by the Tukey post-hoc test. The effect of overnight preincubation on Nturnover rates was analyzed with t-tests. The effect of (i) ambient O 2 level and day of copepod collection in Eudiaptomus sp. or M. gigas carcass incubations and of (ii) ambient O 2 level and copepod taxon in the whole sample set was tested with ANOVA (two-way, two-factorial, without interaction), followed by the Tukey post-hoc test on the same variables as above. ANOVA and post-hoc tests were performed in R (R core team, Version 3.2.4).
Bacterial community fingerprinting
To separate the carcasses from the water after the incubations were completed, the content of each incubation bottle was filtered onto 5.0-μm Nuclepore polycarbonate membranes. Membranes were immediately frozen in liquid nitrogen and stored at -80
• C until further processing. Biomass from Lake Dagow and Lake Stechlin water was sampled on the day of copepod collection by filtration through 0.22-μm Nuclepore polycarbonate membranes, which were stored like the carcass samples. DNA from carcasses was extracted with a protocol modified from Nercessian et al. (2005) using chloroform-phenol-isoamyl and zirconium beads with the addition of potassium phosphate buffer. For DNA extractions from water samples, the PowerWater DNA Isolation kit (MO BIO, Carlsbad, USA) was used following the manufacturer's protocol. DNA was quantified with a fluorometer using the Quant-iT Picogreen kit (Invitrogen, Carlsbad, USA), providing average yields of 6.9, 84.5 and 122.2 ng μL −1 from 100 Eudiaptomus sp. carcasses, 40 M. gigas carcasses, and ∼750 mL lake water, respectively.
For terminal restriction fragment length polymorphism (T-RFLP) analysis (Avaniss-Aghajani et al. 1994; Liu et al. 1997) of the bacterial community, the 16S rRNA genes were amplified by PCR using the phosphoramidite fluorochrome 5-carboxyfluorescein labeled, Bacteria-specific forward primer B27FAM (50-AGRGTTYGATYMTGGCTCAG-30) and the reverse primer U519R (50-GWATTACCGCGGCKGCTG-30). PCR was performed in 50-μL reactions with final amounts of 5-10 ng template, 20 pmol of each primer, 10 nmol dNTPs in equal amounts, 5 μL 10x Taqbuffer with (NH 4 ) 2 SO 4 , 1.25 units Taq-polymerase and 125 nmol MgCl 2 (all: Thermo Fisher Scientific). Denaturation at 94
• C for 2 min was followed by 32 cycles of 94
• C for 20 s, 54
• C for 45 s, and 72
• C for 45 s, with a final elongation step at 72
• C for 5 min. Successful amplification was verified by agarose gel (1.5%) electrophoresis. The ∼500 base pair (bp) PCR product was incubated with 5 U of BsuRI in buffer R (Thermo Fisher Scientific) at 37
• C for 12 hr followed by heat inactivation at 80
• C for 20 min.
The resulting restriction fragments were purified with the Gene-JET PCR purification kit (Thermo Fisher Scientific) and ∼100 ng were sent for fragment length analysis to Uppsala Genome Center (Sweden). For the analysis of the T-RFLP data, initial fragment sizing was carried out with the software Peak Scanner (Applied Biosystems, Foster City, USA). Noise filtration (factor 1.2 based on peak area), clustering (factor 0.5) and construction of data matrices were performed with the online program T-RFLP analysis EXpedited (http://trex.biohpc.org/). The operational taxonomic unit (OTU) fluorescence was standardized to the total fluorescence of all OTUs in a sample, and matrices of different sample combinations of interest were created including only OTUs present in more than one sample and with a relative abundance of >0.5%. Data matrices were analyzed with R (R core team, version 3.2.4) and the R-package vegan (Oksanen et al. 2013) , where the dissimilarities between samples and their respective OTUs were calculated and visualized with non-metric multidimensional scaling (NMDS). The function metaMDS was used to find the best fit between Bray-Curtis dissimilarities and ordinations with minimal stress (goodness of fit). The data values were submitted to Wisconsin double standardization. The function found species scores as weighted averages of site scores, but expanded them so that species and site scores had equal variances (Oksanen et al. 2013) . All NMDS settled for two dimensions and low stress ranging from 0.086 to 0.112.
Bacterial functional marker gene abundances
The bacterial and archaeal 16S rRNA genes as well as the functional marker genes nirS (denitrification) and nrfA (DNRA) were quantified by quantitative PCR (qPCR) in duplicate 25-μL reactions with 5-10 ng template, 25 pmol of each of the respective primers (Table S1 , Supporting Information), RealQ Plus 2 × Master Mix (Ampliqon) and 10 μg bovine serum albumin (BSA; final conc. 4 μg μL −1 ) using a CFX Connect Real-time System (BIO-RAD). Amplification was started with a denaturing step at 95
• C for 15 min followed by 40 (16S, nirS) or 32 (nrfA) cycles of denaturing at 95
• C for 20 s, annealing for 30 s at primer-specific temperatures (Table S1 , Supporting Information) and extension at 72
• C for 30 s (16S, nirS) or 45 s (nrfA). The products were analyzed by melting curves from 65
• C to 95
• C in steps of 0.5
• C with 5 s at each step. Standard curves were made from serial 10-fold dilutions of the target genes (10 1 -10 7 copies per μL).
Diversity of nrfA in copepod carcasses
To assess the diversity of nrfA, the gene was amplified from copepod carcass samples (M. gigas) by PCR with the corresponding primers (Table S1 , Supporting Information). The PCR-product was cloned into the plasmid vector (pCR 4-TOPO) using the TOPO TA Cloning Kit for sequencing (Invitrogen) and One Shot TOP10 Chemical competent E. coli cells were transformed with the ligated plasmids following the manufacturer's instructions. The inserts from 60 clones were amplified by colony PCR using M13 primers and the PCR products were sent for sequence analysis to the Institute of Clinical Molecular Biology (IKMB), Kiel University. Fifty-four clones returned high-quality sequences from which the vector sequences were trimmed off. The resulting, around 237 bp long DNA sequences were translated and phylogenetically analyzed using the NrfA alignment from Welsh et al. (2014) in the software package ARB (Ludwig et al. 2004 ). The sequences have been deposited at Genbank under the accession numbers MG806931-MG806984.
Preparation of nrfA standard for qPCR
In order to be used as standards in the qPCR, two nrfA clones were chosen, grown in LB medium (Miller) with 50 μg mL −1 kanamycin overnight at 37
• C and the plasmids extracted with the GeneJet Plasmid Miniprep kit (Thermo Fisher Scientific). The nrfA gene fragment was amplified with PCR as described above and the DNA concentration of the PCR product was quantified with a Quant-iT Picogreen dsDNA Assay Kit (Molecular Probes by Life Technologies) using a Victor2 1420 Multilabel Counter (Wallac). With this information, the gene copy number was calculated and dilution series of 10 1 to 10 7 copies were prepared.
RESULTS
Oxygen dynamics
In most experiments, ambient O 2 levels remained relatively stable throughout the incubation (Fig. S1 , Supporting Information), in particular during the Eudiaptomus sp. carcass incubations and the control incubations without any carcasses ( Fig. S1A and C, Supporting Information). During some of the incubations with the much larger M. gigas carcasses, however, strong O 2 consumption caused pronounced drops in the ambient O 2 level (Fig.  S1B , Supporting Information). In M1b low and M2 low , this led to the occurrence of anoxic events in the majority of the replicates, already after 3 h of incubation. In M2 low , the re-injection of oxygenated water during water sampling made the ambient O 2 level fluctuate between 0% and ∼10% air saturation. To account for these anoxic events, carcass-associated anaerobic N-cycling was not only evaluated for the total incubation period, but also separately for the hypoxic and anoxic phases that occurred in M1b low and M2 low (see below).
Carcass degradation
The carcass-associated O 2 consumption and NH 4 + production was used to assess the rate of microbial degradation of the carcass biomass. Oxygen concentration time series were re-constructed from the concentration decreases measured between consecutive sampling time points, while NH 4 + concentration time series were measured directly ( Fig. 1A and B) . Across all experiments, the O 2 consumption and NH 4 + production rates calculated from the concentration time series were significantly, linearly correlated (R 2 = 0.894, P < 0.001) (Fig. 1C) . Assuming a respiratory quotient of 1.0 during carcass degradation, the O 2 consumption rates are numerically equivalent with CO 2 production rates. The slope of the regression line in Fig. 1C then corresponds to an average C/N ratio of 6.0 between the CO 2 and NH 4 + produced during carcass degradation. This C/N ratio was mainly carried by the higher O 2 consumption and NH 4 + production rates during incubation of the large M. gigas carcasses compared to the much smaller Eudiaptomus sp. carcasses ( Fig. 1C ; Table S2 , Supporting Information). It needs to be noted that for the two incubation series in which anoxic events occurred (i.e. M1b low and M2 low ), the re-constructed O 2 concentration time series underestimate the actual rate of CO 2 production that may partially be due to anaerobic respiration processes, such as dissimilatory NO 3 − reduction or SO 4 2− reduction.
Within each copepod taxon and O 2 treatment, sample history had a strong effect on carcass degradation, i.e. the E2-and M2-incubation series showed several times higher rates than the corresponding E1-and M1-incubation series. Furthermore, carcass degradation was stimulated by the high ambient O 2 levels in E1 high and E2 high (but not in M2 high ) and by the overnight preincubation in M1b low (Table S2 , Supporting Information).
Nitrogen cycling
Consistent temporal changes in NO 3
− concentration indicative of net NO 3 − production or consumption were rare ( Fig. 2A and   B) . A pronounced decrease in NO 3 − concentration was only observed in the low-oxygen experiment M2 low (Fig. 2B) . Notably, this decrease in NO 3 − concentration only started when the first anoxic event occurred. The strongest increases in NO 2 − and NH 4 + concentration due to DNRN and DNRA activity, respectively, were likewise observed in the low-oxygen experiments E2 low , M1b low and M2 low (Fig. 2C-F) . The onset of anoxic events in M1b low and M2 low further accelerated the increase in NO 2 − and NH 4 + concentration. In contrast, rather weak increases in N 2 concentration due to denitrification activity were observed in all experiments, and anoxic events did not trigger stronger increases in N 2 concentration ( Fig. 2G and H) . Consistent temporal changes in N 2 O concentration were not observed in any of the experiments (data not shown).
General trends for the rates of carcass-associated anaerobic N-cycling were that (i) DNRA and DNRN showed higher rates than denitrification, (ii) the larger M. gigas carcasses hosted higher carcass-specific rates than the smaller Eudiaptomus sp. carcasses, and (iii) anaerobic N-cycling was more intense at low With a respiratory quotient of 1.0, the O2 consumption rate is equal to the CO2 production rate, and then the slope of the regression line corresponds to the overall C/N ratio of carcass degradation. Note that the total carcass biomass was ca. 6-fold larger in Eudiaptomus sp. than in M. gigas incubations. In (A) and (B), means ± SE (n = 3-5) are shown.
ambient O 2 levels ( Fig. 3 ; Tables S2-S4, Supporting Information). Additionally, the only significant correlation between rates of the three anaerobic N-cycle pathways was observed between DNRA and DNRN (R 2 = 0.514, P < 0.0001, n = 30). Rates of DNRA, DNRN and denitrification were significantly different from zero in most, but not all of the low-oxygen experiments (Table S2 , Supporting Information). In contrast, rates of these anaerobic Npathways were not significantly different from zero in the highoxygen experiments, except the significant DNRN rate in M2 high . Consequently, the ambient O 2 level had in most cases a statistically significant effect on the rates of carcass-associated anaerobic N-pathways (Table S4 , Supporting Information). This regulatory role of the ambient O 2 level was further substantiated in the two low-oxygen experiments M1b low and M2 low in which anoxic events occurred repeatedly. The rates of DNRA (in M2 low ) and DNRN (in M1b low and M2 low ), but not denitrification, increased significantly following the onset of anoxic events (Student's ttest: P < 0.05).
The rates of carcass-associated anaerobic N-pathways were also influenced by sample history and sample treatment. The day of copepod collection in the lake had a significant effect on DNRA and DNRN rates in each of the two Eudiaptomus sp. incubation series and on DNRA, DNRN and denitrification rates in each of the two M. gigas incubation series (Table S4 , Supporting Information). Additionally, the overnight preincubation of carcasses in M1b low increased the rates of NO 3 − consumption and DNRN, but not DNRA and denitrification, significantly (Student's t-test: P < 0.05).
Bacterial community composition
Using BsuRI, 134 OTUs were detected in the complete sample set. Table S5 (Supporting Information) shows how many OTUs were associated with copepods in each of the different incubation experiments and how many were present in the in situ water of the two lakes. When subjected to non-metric two-dimensional scaling, the carcass-associated bacterial communities of Eudiaptomus sp. and M. gigas clustered separately, as did the free-living communities from Lake Dagow and Lake Stechlin (Fig. 4A ), indicating that both copepod taxon and lake type drove composition of the total bacterial communities. The carcass-associated communities further clustered into four groups according to day of copepod collection, but not into high-and low-oxygen incubations (Fig. 4B ), indicating that sample history was more important for shaping the total bacterial communities than the shortterm exposure to different O 2 levels. M1a low and M1b low communities were dissimilar (despite the same day of copepod collection), indicating that the carcass-associated bacterial community changed during the overnight preincubation (Fig. 4B) .
Bacterial gene abundance
The abundance of carcass-associated bacterial 16S rRNA genes varied between 3.8 × 10 6 and 1.6 × 10 8 per carcass (Fig. 5A) .
Across all experiments, 16S rDNA abundance was significantly correlated with the carcass-specific O 2 consumption rate (Spearman: R 2 = 0.627, P < 0.001). The relative abundance of carcassassociated nrfA genes varied between 9.9 × 10 −3 and 4.2 × 10 −1 per 16S rDNA copy and was 90 ± 20 times higher than in lake water (Mean ± SE, n = 29) (Fig. 5B) . The relative nrfA abundance was significantly, linearly correlated with the carcass-specific DNRA rate (R 2 = 0.168, P = 0.034) and O 2 consumption rate (R 2 = 0.769, P < 0.001). The relative abundance of carcass-associated nirS genes varied between 5.4 × 10 −4 and 8.1 × 10 −3 per 16S rDNA 
and M. gigas incubation experiments in panels (C-F).
Note also that the total carcass biomass was ca. 6-fold larger in Eudiaptomus sp. than in M. gigas incubations. Means ± SE (n = 3-5) are shown. copy and was 178 ± 35 times higher than in lake water (Fig. 5C ). The relative nirS abundance was negatively correlated with the carcass-specific denitrification rate (R 2 = 0.355, P = 0.001) and O 2 consumption rate (R 2 = 0.389, P < 0.001). Across all copepod taxa, the relative nrfA abundance was ∼20-400 times higher than the relative nirS abundance. Archaea were, based on the quantification of their 16S rRNA gene, not present or extremely low in abundance in both lake water and on carcasses.
NrfA diversity
The 54 NrfA sequences retrieved clustered into 15 unique sequences, and phylogenetic analysis revealed their high similarity to sequences belonging to NrfA of clade A that has been defined by Welsh et al. (2014) (Fig. S2, Supporting Information) . More specifically, they all fell into a sub-cluster of sequences originating from the Aeromonas species A. veronii, A. salmonicida subsp. salmonicida, and A. caviae, which show a relatively small phylogenetic distance to the other sequences of cluster A (Fig.  S2 , Supporting Information).
DISCUSSION
Pathways of carcass-associated anaerobic N-cycling
The dominant anaerobic N-cycle pathways associated with carcasses of both Eudiaptomus sp. and Megacyclops gigas were DNRA and the tightly correlated DNRN. In contrast, only very low rates of denitrification were measured and exclusively on the larger M. gigas carcasses. Anammox was ruled out as an important carcass-associated anaerobic N-cycle pathway because 30 N 2 rather than 29 N 2 was the main isotopic form of N 2 produced.
Generally, only 1%-4% of the total dissolved 15 N-labeled compounds produced from the added 15 NO 3 − were in the form of N 2 , which would contribute to pelagic fixed-nitrogen loss. The majority of 15 N-labeled compounds, however, were released as NH 4 + and NO 2 − into the surrounding water where they can be used by free-living bacteria and microalgae for N-assimilation and nitrification. Consequently, our study on copepod carcassess revealed a rather low potential for a direct contribution to fixed-nitrogen loss at the ecosystem level. Glud et al. (2015) studied denitrification in carcasses of the large marine copepod Calanus finmarchicus (prosome length ∼2.6 mm) and measured carcass-specific N 2 production rates under + production, and N2 production, respectively. Gene abundance of 16S rDNA (per mL lake water) and nrfA and nirS (per 16S rDNA gene copy) in lake water are shown for comparison. Means ± SE (n = 3-5) are shown. Note logarithmic scale of the two x-axes. Asterisks mark average rates <0.1 pmol N carcass −1 h −1 . Double asterisks mark gene copy numbers obtained in a single qPCR run; the remaining samples were run in duplicate.
anoxic conditions that were two orders of magnitude higher than the rates measured in the present study. Likewise, significantly higher denitrification rates were measured in relatively small copepod carcasses (prosome length ≤0.5 mm) from a tropical oxygen minimum zone . The unexpectedly high denitrification rates in the latter study might be explained by the use of 15 NO 2 − instead of 15 NO 3 − , if DNRN was rate-limiting for carcass-associated denitrification. It might, however, also be a specific trait of the three studied lake copepod species that carcass-specific denitrification rates were lower than in all tested marine copepod species. For tropical marine copepods and ostracods, DNRA was also identified as an important carcass-associated N-pathway with rates ∼10-25 times higher than denitrification rates under anoxic conditions ). Significant DNRN activities have also been reported for sinking algae aggregates and were explained by the lack of any NO 3 − limitation in the pelagic zone and inside the aggregates Lundgaard et al. 2017) . Similarly, NO 2 − production was observed in activated sludge in which NO 3 − diffused to the very center of the individual sludge flocs (Schramm et al. 1999) . In contrast, diffusional NO 3 − limitation in sediments favors N 2 and NH 4 + over NO 2 − production (Stief et al. 2010; Devol 2015) .
The carcasses from this study are not expected to have experienced such diffusional NO 3 − limitation because of their relatively small size and low NO 3 − consumption rates. The carcassassociated DNRN rates were significantly correlated with the DNRA rates, but not with the denitrification rates. Additionally, both DNRN and DNRA, but not denitrification, were boosted by the onset of anoxic conditions during incubation. Given these similarities, it might be speculated that the two pathways were mediated by the same microorganisms (i.e. DNRA bacteria) carrying out the sequential DNRA pathway either completely or partially. However, it cannot be excluded that true DNRN bacteria that do not possess the enzymes for NO 2 − reduction to NH 4 + or N 2 were responding to the change in ambient O 2 levels in the same way and at similar rates as DNRA bacteria. DNRA activities associated with the carcasses of the lake copepods studied here were in a similar range as reported for small marine copepods . The high relative importance of this N-cycle pathway on both freshwater and marine copepods is likely explained by the unique microenvironments and substrates that sinking zooplankton carcasses provide to DNRA bacteria. Anoxia and the copious supply of electron donors inside the gut of living copepods (Tang et al. 2011) may favor the growth and persistence of enteric bacteria many of which are capable of DNRA (Cole 1996; Tiso and Schechter 2015) . Additionally, the exoskeleton of copepods is commonly colonized by Vibrio spp. that degrade chitinous compounds (Montanari et al. 1999; Tang, Turk and Grossart 2010; Shoemaker and Moisander 2015) , and many Vibrio spp. and related bacterial genera possess the genes necessary for DNRA (Bonin 1996; Rusch and Gaidos 2013; Kraft et al. 2014) .
The dominance of DNRA relative to denitrification was supported by the higher relative abundance of the functional marker gene nrfA than nirS. For the smaller Eudiaptomus sp. carcasses, nrfA was on average 18-fold more abundant than nirS, while the rates of DNRA were 8-fold higher than that of denitrification. For the larger M. gigas carcasses, however, nrfA was on average 462-fold more abundant than nirS, while the rates of DNRA were 40-fold higher than that of denitrification. The discrepancies between gene abundance and rates and between different zooplankton taxa hint to differences at the level of gene transcription and/or differences in the regulation of enzyme activities by microenvironmental conditions or substrate supply related to zooplankton taxon. The phylogenetic analysis of the nrfA sequences indicated a high specificity of the used primer set as only nrfA sequences were retrieved. On the nucleotide level, the most different clones were still 94.5% identical, indicating that either a fairly low diverse community of nrfA-containing bacteria was present or that the primers did not amplify all nrfA genes. This suggests that the nrfA abundances determined by qPCR are rather under-than overestimates. Interestingly, the nrfA sequences were closely related to Aeromonas species that have previously been found on Acartia tonsa (Tang et al. 2009a) and not Vibrio spp. that are reported for diverse copepod species (Montanari et al. 1999; Tang, Turk and Grossart 2010; Shoemaker and Moisander 2015) . However, the single sample from which the nrfA PCR amplicon was verified might not be representative for all samples and it can be expected that in a more comprehensive study a larger diversity of nrfA associated with copepods in lakes would be revealed.
Oxygen controls on carcass-associated nitrogen cycling
Anaerobic N-cycling associated with the carcasses of Eudiaptomus sp. and M. gigas was evident even at high ambient O 2 levels, but then the rates were very low compared to the copepod carcasses and algae aggregates investigated in other studies (Glud et al. 2015; Klawonn et al. 2015; Stief et al. 2016; Stief et al. 2017) . Hypoxic and anoxic incubation conditions stimulated carcassassociated anaerobic N-cycling strongly. Therefore, we assume that the extent of internal O 2 depletion in the studied copepod carcasses was insufficient to allow substantial anaerobic Ncycling at high ambient O 2 levels. This could be due to lack of O 2 diffusion limitation in the relatively small carcasses and/or the low volume-specific O 2 consumption rates during microbial carcass degradation (Schramm et al. 1999; Stief and Eller 2006) . The internal O 2 levels of the carcasses studied here are not known, but in situ O 2 measurements in carcasses of the marine copepod Calanus finmarchicus revealed internal anoxia (Glud et al. 2015) . Even in this relatively large species though, the rates of anaerobic N-cycling (as denitrification) increased strongly with decreasing ambient O 2 level, suggesting a successive expansion of the anoxic center.
The immediate control of anaerobic N-cycling by the ambient O 2 level was observable in carcass incubations during which several anoxic events occurred unintendedly. The carcassassociated microbial communities responded quickly to the onset of anoxic conditions by up-regulating the anaerobic Ncycle pathways DNRA and DNRN, but not denitrification. The latter observation might be due to a low potential for denitrification in the microbial communities colonizing the carcasses, which is consistent with the ∼20-400 times lower relative abundance of the nirS gene compared to the nrfA gene.
Effects of carcass preincubation
Generally, the microbial degradation of zooplankton carcasses is to a large extent driven by bacteria and fungi from the surrounding water that colonize the carcasses within the first day after death (Tang, Hutalle and Grossart 2006; Tang et al. 2009b; Bickel and Tang 2010) . Thus, much of the bacterial colonization of the copepod carcasses studied here may have occurred during the overnight preincubation. In fact, the carcass-specific bacterial 16S rRNA gene abundance was on average 1.8-fold higher on preincubated than on non-preincubated M. gigas carcasses, but statistical significance was narrowly missed (P = 0.053). In contrast, the rates of O 2 and NO 3 − consumption, NH 4 + production, DNRN, and denitrification were all significantly enhanced by the overnight preincubation of M. gigas carcasses. An exception to this was the DNRA rate that did not increase during the overnight preincubation, even though the absolute nrfA abundance increased on average as much as 4.5-fold (P = 0.011). This apparent discrepancy is solved by realizing that DNRA was the only anaerobic N-cycle pathway that showed a high rate also in the non-preincubated M. gigas carcasses. Thus, in particular for DNRA, the bacterial populations and suitable microenvironmental conditions were already established on the living copepods.
Microbial community composition
As distinctive microsites in the pelagic zone, copepods and their carcasses host microbial communities that are dissimilar to free-living microbial communities, which was also true for the lake copepods studied here (Tang et al. 2009a; Dziallas et al. 2013; Bickel, Tang and Grossart 2014; Shoemaker and Moisander 2015; Moisander, Sexton and Daley 2015) . The differences in microbial community composition between Eudiaptomus sp. and M. gigas carcasses were likely explained by those bacterial groups that were already associated with the live copepods, e.g. due to different feeding strategies of the two species (Brandl 2005; Tang et al. 2009a) . The varying amounts and composition of the food remains in the gut may explain why the same copepod species hosted dissimilar microbial communities (Tang et al. 2009a ) between different copepod collection days. The overnight preincubation led to a further shift in microbial community composition (and an increase in bacterial abundance; see above), whereas the short-term incubation at different ambient O 2 levels did neither cause shifts in microbial community composition, nor changes in bacterial abundance.
Ecological implications
Microbial carcass degradation and carcass-associated anaerobic N-cycling release DIN into the surrounding water where it can be processed by other microorganisms and thereby influence pelagic N-cycling. For the lake copepods studied here, the main products of carcass-associated anaerobic N-cycling were NH 4 + and NO 2 − , while N 2 only played a minor role. Additionally, it cannot be ruled out that the carcasses of the lake copepods studied here hosted nitrification activity (i.e. promoting NO 2 − and NO 3 − release into the surrounding water) as shown for the large Arctic marine copepod Calanus hyperboreus (Stief et al. 2018) . Ammonium is released through carcass degradation and carcass-associated DNRA. However, DNRA made up only ∼2.5% of the NH 4 + production by carcass degradation. Under the hypoxic or anoxic conditions in the hypolimnion of lakes, this fraction would increase to ∼10%-30%. This raises the question where in a stratified lake the copepod-derived NH 4 + would make a difference. During periods of stratification, vertical NH 4 + concentration profiles typically exhibit very low concentrations in the epilimnion and high concentrations in the hypolimnion (Sand-Jensen and Lindegaard 2004; Schubert et al. 2006; Hamersley et al. 2009 ). Thus, copepod-derived NH 4 + is more likely to fuel epilimnetic primary production and nitrification activity (Priddle et al. 1997; Lehette et al. 2012 ) than hypolimnetic anammox activity (Schubert et al. 2006; Hamersley et al. 2009 ). Nitrite release through carcass-associated DNRN was of similar quantitative importance and showed the same response to low-oxygen conditions as carcass-associated DNRA. Vertical NO 2 − profiles in lakes rarely exhibit concentrations >0.3 μM throughout the water column (Sand-Jensen and Lindegaard 2004; Schubert et al. 2006; Hamersley et al. 2009 ) and thus copepod-derived NO 2 − may relieve NO 2 − limitation of the second step of nitrification in the oxic epilimnion and denitrification and anammox activity in the anoxic hypolimnion of lakes. A rough quantitative estimate on the latter effect can be based on the copepod abundance in Lake Dagow of 1.8 individuals L −1 of which 8% are dead (Bickel, Tang and Grossart 2009) (Hamersley et al. 2009 ) and ∼10 nM N 2 h −1 in a tropical lake (Schubert et al. 2006) ). For these two scenarios, copepodcarcass-derived NO 2 − would make up 0.4%-13.9% and 0.8% of the hypolimnetic anammox rate, respectively, which constitutes an indirect contribution to overall fixed-nitrogen loss by sinking copepod carcasses. In an anoxic hypolimnion, denitrification rates can be ∼20 times higher than anammox rates (Wenk et al. 2014) and thus the relative copepod contribution to hypolimnetic denitrification would even be lower than to anammox. Such extrapolations might still overestimate the true copepod contribution to pelagic N-cycling because of the seasonally restricted occurrence of hypolimnetic anoxia and the small volume of the hypolimnion relative to the total lake volume. Additionally, in many lakes, benthic fixed-nitrogen loss is more important than pelagic fixed-nitrogen loss (e.g. Wenk et al. 2014) and thus the possible contribution by sinking copepod carcasses to fixed-nitrogen loss is probably small for the overall N-budget of lakes. However, the extrapolation might also underestimate the copepod contribution because much higher relative carcass abundances of up to 40% have been observed in other lakes (Bickel, Tang and Grossart 2009; Elliott and Tang 2009; Tang et al. 2014) . Finally, also the carcasses of other abundant lake zooplankton, such as cladocerans (Bickel, Tang and Grossart 2009) , might contribute to lacustrine fixed-nitrogen loss.
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